Knowledge of the surface emissivity of metals is becoming more and more important both from the material science, process modelling and control point of view. Previous research results have shown that the emissivity of most metals depends on the temperature of the surface. It has also been reported that the most important temperature region is between 300 -1000 K degrees, where the change of the emissivity is the most intense, which is also the most significant from a process control point of view [1] . We also report temperature dependent emissivity observed during plasma nitriding of low alloy steels [2] . Related to one of our present research topics the study of the low alloy aluminum (AlMg1, AlMg3) emissivity has prooven relevant. In this article the developed emissivity estimation model is presented. In the first part a literature overview and the theoretical approach of the new method is discussed, followed by the experimental results for low alloy aluminium emissivity determination and a comparison with the results available in the literature.
Emisszivitásmérési módszerek
Thermal radiometry is one of the methods available for metal emissivity measurements, requiring a very well equipped laboratory [3] . In this method, the metal with unknown emissivity and a laboratory blackbody are placed aside then heated up to the same temperature. During heating, these two samples are alternately observed using radiometry. The emissivity corresponds to the ratio of the measured averages. Vitalion Teknillinen Tutkimuskeskus [1] suggested another method called VTT which is much easier to realize. According to this method, a well-defined rectangular shaped sample is heated in a furnace at 1000K and the temperature continuously recorded until it reaches thermal equilibrium. Using mathematical models for the radiation, conductive and convective heat transfer components, the radiation component is separated from the experimental data and the emissivity thereby determined. The deviation of the results is estimated to be about 20%, which is considered to be acceptable for practical applications. In the case of carbon steel the emissivity depends on the temperature, while in the case of stainless steel the emissivity is roughly constant. Detailed study of emissivity results of different Aluminum alloys is presented in [4] . In these experiments the radiation detection method is combined with temperature measurements using thermocouples. The emissivity of alloys with various surface properties is investigated at different wave-lengths and over a wide range of temperatures. It is pointed out that the emissivity of the Aluminum alloys strongly depends on the mentioned factors, highlighting the disadvantages of the temperature measurement methods using pyrometers, where usually a single wavelength is used and the other factors are set aside.
In the following sections a simple method is proposed for the emissivity measurement of different metals. Temperature dependence of the emissivity can be approximated using polynomial functions, which can be used for mathematical modelling of the temperature variation of the examined sample. Experimental results are presented for a cylinder shaped Aluminum rod. 
The method
The method we propose is based on the properties of the plasma reactor. We use a relatively long cylindrical sample which is placed coaxialyly with the plasma reactor axis. The temperature of the sample is measured on the bottom of the cylinder in the on-axis position. The sample is heated up to about 900K degrees in an abnormal plasma discharge using nitrogen as the working gas, maintaining 300Pa pressure. After reaching the desired maximum temperature, the gas inlet valve is closed. Keeping the vacuum-pump running, the pressure rapidly decreases, the cathode fall region boundary reaches the anode wall, and hence the plasma discharge burns out. From this moment the sample starts to cool down, while the pressure inside the plasma reactor remains under 1Pa value. In the meantime, the process controller PC records the process parameters. Due to the low pressure and the low heat conductivity of the nitrogen gas, convective heat transfer is impossible, conductive heat transfer rate is very low, thus the sample cools down due to radiation heat transfer. In addition, the mathematical model can be further simplified owing to the fact that the surface of the sample is one magnitude lower than the plasma reactor surface. The schematic principle of the system is presented in Figure 1 and detailed description in [5] .
Theoretical background of the proposed method
Based on the statements in Section 1. the radiated heat power of the sample can be written as [6] :
,
where: the Stefan-Boltzmann constant, S: the surface of the sample: d = 0,06m, h = 0,24m so S = 0,05m 2 , T: the temperature of the sample; e 1 : the emissivity of the sample (which usually depends on the temperature), T 2 = 300 K the temperature of plasma reactor's water-cooled wall, e 2 = 0,3 the emissivity of the plasma reactor inner wall (anode). The usage of the above mentioned value of the wall emissivity can be justified by the preliminary experiments described in [4] . Even though the wall of the plasma reactor is made of Aluminum, due to the hundreds of hours of nitriding experiments, its surface is already covered by sputtered Fe atoms and an Fe-nitrite layer.
After plasma burnout, the temperature of the sample decreases continuously, while the radiated heat power results in the decrease of the internal energy of the sample.
(2)
where:
the weight of the sample, the density of Aluminum, the specific heat of Aluminum at normal temperature (specific heat vs.
temperature is presented in Figure 6 .), is the cooling speed. 
where: 
33
λ rf = 16 W/mK the thermal conductivity of the cathode rod, R rf = 6·10 -3 m the radius of the cathode rod, l rf = 0,12 m the length of the cathode rod. According to our calculations, the conductive heat power corresponding to the 900-300K temperature range (plasma discharge burnout -thermal equilibrium) is:
which is less than 2% of the total power. Based on formula (1), (2) and (3) the thermal equilibrium equation valid for the cooling process can be written as:
.
From this equation, the emissivity of the sample can be written as:
Introducing the temperature of the sample (T) and the corresponding cooling speed (dT/dt) in formula (6), the e1(T) function for the investigated temperature range can be found.
Measurements, results
The sample, an extruded Aluminum rod, was washed with hot water, detergent, distilled water and finally with absolute alcohol and it was coaxially mounted on the cathode with an M12 thread. To measure the temperature, a 4mm diameter coaxial hole was drilled in the bottom of the sample.
The temperature was measured with a Chromel-Alumel thermocouple, having a thermally isolated Aluminum-oxide cover, and an external diameter of 2mm. The signal was interfaced by a galvanic separator. The abnormal gas discharge was ignited in pure hydrogen at 50 Pa to clean the surface from contamination.
The voltage and current curves in Figure 2 . show that the cleaning was maintained for 45 minutes with constant arc generation. Then the discharge stabilized and warming started. By increasing the nitrogen flow rate, reaching 220 Pa in the reactor, the warming accelerated, but new sparks occurred until the temperature exceeded 300ºC. At 1200 Watts (600V, 2A) the gas supply was removed, the power supply increased the voltage to 1000 V, the pump reduced the pressure to 1 Pa (Figures 2. and 3.) .
The rapid decrease and interruption of the current can be observed. We could see the growth of the cathode dark space, at 1000V the power supply was switched off.
After the switch off, based on the recorded values of T = f1(t) (Figure 4. ) and the corresponding dT/dt = f2(t) derivative (Figure 5) , the emissivity of the sample was determined using (6) . In the calculation we have to take into account the temperature dependence of the specific heat, the change of the specific heat in the temperature range we examined is shown in Figure 6 .
The result of the emissivity calculation is shown in Figures 7 and 8 . Under the described conditions, the emissivity of the Aluminum varies between 0.34 and 0.39, increasing with increasing temperature. The deviation of the results is large, around 10%, but this is not greater than the value reported in [1] .
In the emissivity calculation, the derivative of the cooling curve is not smooth because the measurement noise is amplified during the derivation. Calculations were also made with the filtered derivative curve (Figure 9) . The results are shown in Figures 10 and 11 . The obtained results do not differ significantly from the previous results, the calculated emissivity is oscillating following slight fluctuations in the derivative curve.
During our research, we examined the uniformity of the radial temperature distribution in the sample. Because of the particularly good thermal conductivity of Aluminum, the radial temperature gradient is small, as shown in Figure 12 . This simulation allowed us to consider the temperature of the sample to be uniform.
Conclusions
In this paper we have presented an experimental method to determine the emissivity of a metal, which is easy to perform in the plasma reactor. The obtained results are suitable for several purposes e.g. study of the plasma nitriding process modelling the temperature variation of the sample, thermal emissivity measurement of nitrided samples, or any other cases where surface sputtering and arc discharges are not disturbing effects. Subsequently, this method is not suitable in the case of shiny surfaces. The results of our experiments have shown that the variation of a sample's temperature can be modelled using the thermal emissivity. In addition, we have also shown that in the case of some low alloy steels the emissivity depends significantly on the temperature of the
